Next-generation sequencing technology is available to many clinical laboratories; however, it is not yet widely used in routine microbiology practice. To demonstrate the feasibility of using whole-genome sequencing in a routine clinical microbiology workflow, we sequenced the genome of every organism isolated in our laboratory for 1 day.
W
hole-genome sequencing of microbes is an important tool for infectious disease researchers (1, 2) . It has been used to understand the virulence of organisms of uncertain provenance and investigate the molecular basis of host-pathogen interactions (3) (4) (5) (6) . Whole-genome sequencing has also been used to evaluate genetic relationships among strains recovered in potential outbreaks of Mycobacterium tuberculosis, Staphylococcus aureus, and other human pathogens (7) (8) (9) . However, despite tremendous advances in benchtop next-generation sequencing instrumentation, laboratory automation, and bioinformatics tools, whole-genome sequencing of microbes has not yet been widely adopted by clinical microbiology laboratories to identify unknown organisms.
To test the feasibility of integrating whole-genome sequencing into the routine workflow of a clinical laboratory and identify potential impediments to this approach, we sequenced the genome of every organism recovered from cultures in our microbiology laboratory on a single day. In total, 130 samples were collected from 116 patient cultures (Table 1) . A sample was defined as a loopful of colonial material (approximately 5 colonies) taken from solid agar. Whenever possible, each organism was sampled individually if multiple organisms were present on a plate. If organisms could not be sampled individually, then the mixture was sampled in toto. The study set included 107 samples collected from the aerobic bacteriology bench (Table 1 , samples ADL101 to ADL124, ADL201 to ADL229, and ADL301 to ADL354), 9 samples collected from the anaerobic bacteriology bench (samples ADL401 to ADL409), and 14 samples collected from the acid-fast bacilli and mycology bench (samples ADL501 to ADL514).
Bacteria and yeast were collected from the agar plate using a sterile 1-l calibrated loop and transferred to a 2-ml tube containing 1 ml Tris-EDTA and 0.1-mm silica spheres (Lysing matrix B; MP Biomedicals, Santa Ana, CA). Fungal isolates were collected in tubes containing 2-mm zirconia beads and 1.6-mm aluminum oxide particles (Lysing matrix J). Cells were lysed using ballistic disintegration (FastPrep96 automated homogenizer; MP Biomedicals), and genomic DNA was extracted using standard methods (DNeasy 96 blood and tissue kit; Qiagen Inc., Valencia, CA). The quantity and quality of genomic DNA were confirmed (Qubit 2.0 fluorometer; Invitrogen, Life Technologies, Grand Island, NY), and dual-indexed sequencing libraries were prepared according to the manufacturer's instructions (NexteraXT DNA sample preparation kit; Illumina Inc., San Diego, CA). The first 96 libraries were sequenced using a 2-by 250-bp paired-end protocol (MiSeq personal sequencer; Illumina). Since yeast and fungi have much larger genomes than bacteria (ϳ3-to 10-fold), these organisms were grouped in a second run containing fewer libraries so that greater fold coverage could be generated. Using the automated on-instrument de novo assembly workflow (MiSeq Reporter version 2.0; Illumina) and default software settings, sequencing reads were assembled into contigs with VELVET (10) . VELVET takes in the short reads, removes sequencing errors and low-quality sequences, and produces high-quality unique contigs. Each contig was then analyzed using BLAST (www.blast.ncbi.nih .gov) to identify high-homology matches within the nucleotide collection (NT) database. The NT database was selected because it consists of a broad range of DNA sequences from GenBank, EMBL, DDBJ, PDB, and RefSeq. It is partially nonredundant and updated daily. Since all divisions of the NT database are not curated, contigs were also analyzed with the RefSeq database for comparison. Organism identification by whole-genome sequence analysis was compared to the result generated by standard methods used in our laboratory, including matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry (Biotyper; Bruker Daltonics, Fremont, CA), biochemical phenotyping (BD Phoenix system; BD Diagnostics, Sparks, MD), or ribosomal DNA sequencing by a reference laboratory (ARUP Laboratory, Salt Lake City, UT).
DNA extraction and library preparation were completed in approximately 12 h. Each MiSeq sequencing run took approximately 39 h, and on-instrument de novo assembly of contigs took 2 to 4 h. In total, 11.08 GB of sequence data was generated (range, 0.1-to 28.4-fold coverage per organism; mean, 6.3-fold coverage per organism; Table 1 ). Organism identification by whole-genome sequencing (BLAST results of the assembled contigs) was concordant with conventional methods for 115 samples (88.5%; Table 1 ), including several mixed-organism samples that were collected and analyzed in toto. The remaining 15 samples (11.5%) had contig BLAST results that did not produce high-confidence organism identifications and were designated with "no reliable identification" (NRI). Four NRI results were likely due to insufficient sequence coverage (samples ADL110, ADL115, ADL119, Although the first two organisms from sample ADL512 were readily identified by the contig BLAST, only one contig matching Nocardia species was assembled. Failure of whole-genome sequencing to identify this organism may be due to inefficient lysis of the Nocardia cell wall or dilution of its genomic DNA in the complex sample mixture. Further optimization of the sample processing and library preparation protocols may be needed to address these limitations. Ten NRI results were obtained for organisms that did not have a complete reference genome in the NT or RefSeq database. That is, the lack of a comprehensive reference genome database of human pathogens precluded identification of these organisms using next-generation sequencing. We learned several important lessons from this whole-genome identification exercise. First, although insufficient sequencing coverage limited the evaluation of 4 of the 130 samples, we discovered that low read counts were not always problematic. For example, the strain with the fewest number of reads (sample ADL341) was easily identified as Candida glabrata, despite a very low depth of coverage across its genome (less than 0.1-fold average coverage). Second, we found that whole-genome sequencing was able to deconvolute mixed cultures. Several samples were collected from primary isolation plates containing a mixture of organisms that needed to be subcultured prior to identification by conventional methods. Whole-genome sequencing identified each organism in these mixed samples, confirming its power to quickly resolve complex bacterial populations. Importantly, whole-genome sequencing identified Mycobacterium species in two samples 10 days before they were identified by the conventional method (additional incubation until visible colonies could be collected for ribosomal DNA sequencing performed by a reference laboratory; samples ADL503 and ADL512). These two Mycobacterium-positive samples were included in the whole-genome sequencing study set because of another organism present on the agar plate at the time of collection (a suspected Nocardia species on sample ADL503 and an unknown fungus on sample ADL512). Although the comparatively slower-growing Mycobacterium species were not visible at the time of sample collection, a sufficient number of organisms were clearly collected while sampling the other visible organisms to successfully perform genomic analyses. Similarly, genomic DNA from Gardnerella vaginalis, a commensal organism of the genital tract and potential urogenital pathogen, was detected in five urine cultures from which this organism was not identified by the conventional method (samples ADL301, ADL302, ADL347, ADL348, and ADL349). There are two plausible explanations for this finding. First, Gardnerella vaginalis is a facultative anaerobe that grows slowly under the conditions used for a standard urine culture. In our laboratory, urine cultures are read at 18 to 24 h postinoculation, which may not have allowed sufficient incubation time for this slow-growing organism to form visible colonies in the mixed sample. Alternatively, if present at a concentration less than 10 4 CFU/ml urine, an organism is not routinely worked up in our laboratory. Under either scenario, whole-genome sequencing identified a potential pathogen that was not detected by the routine method. Taken together, these data demonstrate that whole-genome sequencing can accurately characterize mixed cultures and rapidly identify pathogens that are slow growing or otherwise difficult to cultivate.
To have the greatest impact on patient care, clinically actionable results must be generated in a timely fashion. One strategy to reduce the turnaround time of whole-genome sequencing is to use shorter read lengths. Compared to the 500-bp protocol described above, a 50-bp sequencing run can be completed in approximately 5 h. To determine if a 50-bp read length protocol would result in similar organism identifications, we trimmed the 500-bp reads to 50 bp in silico and repeated the bioinformatic analysis. Of the 115 samples with one or more organisms identified using the 500-bp read length data, 95 (82.6%) had the same organism(s) identified using the simulated 50-bp read length data (Table 1) . Notably, each of the organisms present in 11 mixed samples could not be identified with the 50-bp read length data (ADL217, ADL301, ADL302, ADL346, ADL347, ADL348, ADL352, ADL404, ADL405, ADL407, and ADL408). Similarly, 5 organisms could be identified only to the genus (ADL117, ADL204, ADL228, ADL512, and ADL514), and 4 samples had insufficient coverage to generate contigs or a reliable identification (ADL222, ADL339, ADL341, and ADL351). The in silico data were verified by sequencing the first 96 libraries using a 1-by 50-bp single-end protocol (MiSeq personal sequencer). Taken together, these findings confirm that clinically relevant organisms can be identified using the faster-running 50-bp protocol but suggest that the number of samples multiplexed per run should be reduced accordingly.
An unexpected finding of our study was the notable absence of several organisms in the reference genome database. Nine fungi recovered from patient cultures generated NRI results (Table 1) despite abundant genomic sequence data and contig assembly. Similarly, no complete reference genome was available for Serratia marcescens, Prevotella buccae, or Veillonella species, and only a few genomes have been deposited for Nocardia species and Enterococcus faecium. BLAST results using the NT and RefSeq databases were similar for bacteria and yeast; however, the RefSeq database contained fewer sequences from fungi and thus failed to provide a reliable identification of these strains.
New technologies, such as MALDI-TOF, are enhancing clinical microbiology workflow, decreasing patient length of stay, and reducing hospital costs (11) . We believe that next-generation whole-genome sequencing also has the ability to enhance patient care. Herein, we confirmed that whole-genome sequencing can be integrated into the routine workflow of a clinical microbiology laboratory to identify unknown organisms. With increased fold coverage and additional bioinformatic analysis, these data could also assess virulence gene content and inform molecular epidemiology. As sequencing costs and technical requirements continue to fall, whole-genome sequencing will become an increasingly tractable option for diagnostic laboratories. A key obstacle to its routine use will be the construction of a high-quality reference genome database. Existing collections such as those comprising the NT database have gaps in the number and breadth of deposited whole-genome sequences of human pathogens, particularly medically important fungi. Also, the reference genome databases must be curated, ensuring that submissions contain high-quality sequence data that are accurately annotated. These deficiencies must be addressed before whole-genome sequencing can reach its full potential in the clinical microbiology laboratory. One limitation of genome-based studies is the lack of antibiotic susceptibility testing. For some organisms, the presence or absence of a particular resistance gene may hold predictive value (i.e., the staphylococcal cassette chromosome mec [SCCmec] that conveys beta-lactam resistance). However, the genetic mechanism underlying resistance phenotypes to many antimicrobial agents is complex or incompletely understood. Finally, run times and reagent costs for large-scale highly multiplexed strategies must be further reduced to optimize this technology for routine patient care. In the meantime, microbial genomics will continue to be applied in niche areas such as molecular epidemiology and outbreak investigations.
